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Abstract 
We  examined  effects  of  diabetes  mellitus
(DM)  on  the  pupillary  light  reflex  (PLR).
Phasic  pupillary  response  to  a  single  light
stimulus (200 ms) (pPLR) and to continuous
sinusoidal stimuli with four different frequen-
cies (0.1, 0.3, 0.7, 1.3Hz) (cPLR) were exam-
ined in 52 DM patients and 21 control subjects.
We asked: does recording and frequency analy-
sis of cPLR together with short time fourier
[STFT] analysis of pPLR differentiate better
between DM patients and normal subjects than
pPLR only? 
Initial  pupil  diameter  was  significantly
decreased in the DM group. For pPLR. maximal
contraction velocity (Vmax), Vmax of redila-
tion 1, reflex-amplitude and pPLR latency were
significantly  reduced  in  those  patients  who
also showed signs of diabetic autonomic neu-
ropathy (DNP). Tests of dynamic pupillary light
reflex (cPLR) revealed that all DM patients had
a significantly reduced gain at lower frequen-
cies. Pupil phase lag was greater at 0.1 and
0.3Hz and smaller at 0.7 and 1.3 Hz in the DNP
group (p<0.001). Comparison of single pPLR
recordings of 5 DNP patients with 5 subjects
using short time fast fourier (STFT) analysis
revealed a characteristic change from low fre-
quency content in healthy subjects to high fre-
quency content in DNP patients. 
Significant changes in the PLR in DM can
be found only when symptoms of autonomic
neuropathy have been shown. Both sympathet-
ic and the parasympathetic nervous systems
are affected by diabetic autonomic neuropathy.
Only recording of cPLR , together with STFT of
pPLR  can  identify  significant  pathological
deficits of pupillary control in single cases. 
Introduction
Studies  of  the  autonomic  nervous  system
have demonstrated the effect of diabetic neu-
ropathy on heart frequency and regulation of
blood pressure to orthostatic changes. As the
size and movement of the pupil is relatively
easy to record, many studies have tried to eval-
uate different pupil parameters and link these
results  with  the  clinical  course  of  the  auto-
nomic neuropathy. 
Also, pupillary reactions to light stimulation
that were modulated in time were recorded by
many previous authors.
1-10 They found that in
patients with diabetes mellitus the critical flick-
er fusion frequency was decreased when pupil-
lary reactions to light stimulation are recorded,
i.e.  the  rate  of  presentation  of  intermittent,
alternate, or discontinuous photic stimuli that
just gives rise to a fully uniform and continuous
sensation  obliterating  flicker  that  permits
phase and gain of the actual pupil to be judged.
The  aim  of  our  study  was  to  differentiate
pupillary  response  abnormalities  in  diabetics
that are linked to the autonomic nervous system
disease from those which are the consequence
of the initial condition of the stimulated pupil. 
Materials and Methods
Patients
We examined 52 patients with diabetes mel-
litus (21 females, 31 males, median age 46.7
years,  range  19-74  years).  Twenty-seven
patients had a type I diabetes and 24 a type II
diabetes. The average duration of the disease
was 9.2 years (range 1-44 years). All patients
were regularly examined in the diabetes unit
of the Medical University Hospital, Hamburg.
None of these patients were taking drugs dur-
ing the period of the study which were known
to influence the pupil or the autonomic nerv-
ous system. The control group consisted of 21
healthy subjects (10 females, 11 males, medi-
an age 46.2 years, range 17-73 years). The dis-
tribution of age and sex were almost identical.
Ophthalmological check-up excluded a retino-
pathy and rubeosis iridis. All participants were
informed about the purpose and goal of the
study before it started and gave their informed
consent. 
Technical methods
For pupil recordings we used a compact inte-
grated  pupillograph  (AMTech  Company,
Weinheim,  Germany).  The  instrument  was
focused on the iris with a distance of approxi-
mately 5 cm between front lens and iris, where
light was excluded by a rubber tube. The direct
light reflex of this eye was recorded. The fellow
eye  fixated  a  distant  target  at  infinity.  The
pupillary  recording  device  was  positioned
directly in front of the eye that was recorded
linked through a dark rubber tube. The record-
ing  was  made  in  reduced  room  light  (near
mesopic  conditions).  While  the  case  history
was recorded and a neurological check-up was
performed, the subject’s eyes could adapt to
the reduced room light. The position and focus
was controlled by an electronic viewfinder on
the back of the camera (2.5 inch LCD screen). 
The phasic light stimulus was generated by
a  light  emitting  diode  with  an  intensity  of
10,000 cd/m
2, a duration of 200 msec, and a
wave length of 585 nm. The recording of the
phasic  pupillary  light  reflex  (pPLR)  started
with the stimulus and was stopped after 2 sec-
onds.  The  response  including  calculated
dynamics was stored on a PC (Figure 1). 
The software calculated values for velocities
of contraction, of maximal dilation 1 and 2, the
initial  pupillary  diameter,  the  latency  time
(between stimulus onset and start of contrac-
tion, determined by linear curve fits), and the
time to peak meiosis given by the point of max-
imal  contraction.  The  velocity  of  dilation  1
showed  the  maximum  steepness  of  the
response curve within the interval of the lower
20% and the upper 80% of the final diameter,
and the velocity of dilation 2 between the lower
35% and the upper 95% of the final pupil diam-
eter. For each eye, we evaluated at least 3 arti-
fact free measurements. Velocity of dilation 1
reflects  the  general  difference  between
parasympathetic  and  sympathetic  influences
on the pupil, whereas velocity of dilation 2 is
believed to reflect solely the sympathetic influ-
ence on pupil dilation,
Besides the pupillary recordings, other typi-
cal autonomic variables were checked: heart
rate during in- and expiration, the changes in
blood  pressure  and  heart  frequency  when
standing up after a lying position. Vibration,
touch  and  pain  were  tested  in  the  distal
extremities for subjective decreases in sensa-
tion, suggestive of neuropathy.
After a short break, the dynamic pupillary
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[Neurology International 2009; 1:e19] [page 65]reflex (cPLR) was recorded for the frequencies
0.1, 0.3, 0.7 and 1.3 Hz. As lid movements were
often  interfering,  especially  with  the  lowest
frequency, we recorded at least 3 samples of
each frequency. The highest intensity of these
sinusoidal stimuli was again 10,000 cd/m
2, the
lowest 1,000 cd/m
2. 
To  improve  the  differentiation  between
patients with two signs of diabetic neuropathy
(n=23),  (i.e.  two  out  of  three  parameters:
heart  rate,  decrease  of  distal  sensation,
change in blood pressure) and other patients
with no such signs (n=29) we compared this
subgroup with the normal group which showed
a  lower  age  (median  age  of  the  PNP  group
59.7±10.1 vs. 46.2±14.5 control). The fraction
of meiosis with the initial pupil diameter that
was due to the age of the patient would be
accounted for by the addition of 0.04 mm per
year to the recorded initial pupil diameter. This
reflects the average decrease of pupil diameter
per year of life (2.5); so we used an age cor-
rected initial pupil diameter (ACPD). 
Since  there  were  no  reliable  data  for  the
other parameters of the pupillary light reflex,
we could not use the same procedure for these
dynamical values which would have been more
appropriate with respect to the final evaluation
of our findings. The dynamic pupil data were
first  analyzed  using  a  fast  fourier  analysis
(FFT;  Autosignal  1.52)  and  than  statistically
evaluated. Data analysis was performed with
the “Statistika” program; we used Student’s t-
test for group comparisons, or in case there
was  no  normal  distribution,  we  used  the
Mann-Whitney rank sum test. For the calcula-
tion of correlations we used the Pearson prod-
uct moment value. 
Additionally, we analyzed the pPLR of 5 DM
patients with signs of autonomic neuropathy
applying  short  time  fourier  transformation
analysis  (STFT)  (program  auto-signal.1.52)
and compared these with the pPLR of 5 normal
subjects  using  the  Mann-Whitney  rank  sum
test.
Results
The  initial  pupil  diameter  was  the  only
parameter significantly decreased in the dia-
betic patients: 4.85±0.97 mm versus 5.38±0.87
mm (p<0.005) (Table 1 and Figure 2). It is
important to note that because of the age fac-
tor leading to smaller pupils for over 60 years
of  age  the  discrimination  between  diabetics
and normal subjects by pupil size becomes less
evident, but is still significant with p<0.02.
All other parameters showed no statistical
difference to the control group. The subgroup
of patients with diabetes mellitus who showed
at least two other signs of diabetic neuropathy
showed  an  even  more  significant  difference
with respect to the pupil diameter: 4.63±0.69
mm (p<0.001) (Table 1).
Also, in this group the phasic PLR dynamics
were reduced: the maximum contraction veloc-
ity  was  3.44±1.28  mm/sec  versus  4.42±0.93
mm/sec (p<0.01), the first velocity of dilation
was  also  decreased  with  0.99±0.26  mm/sec
versus 1.18±0.28 mm/sec (p<0.01), the second
velocity of dilation 0.42±0.21 mm/sec versus
0.52±0.19 mm/sec (p<0.05), the amplitude of
contraction  was  1.26±0.45  mm  versus
1.53±0.34 mm (p<0.01). In the patient sub-
group with additional signs of autonomic neu-
ropathy, the latency was increased: 0.27±0.04
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Figure 1. Example printout of pPLR time and dynamic variables and  pPLR original. 
Pupil Light Reflex (PLR) 18.09.2007 11:27
E. M.  * 08.01.1949
18.09.2007. 11:27. RE
Latency 0.299 sec
Duration of response 0.369 sec
Amplitude 0.740 mm
Initial diameter 4.040 mm
Relative amplitude 18.310 %
Velocity of constriction 2.930 mm/sec
2/3 of constriction duration 0.168 sec
2/3of constriction time point 0.468 sec
1/3 of redilation duration 0.308 sec
1/3 of redilation time point 0.976 sec
Velocity of dilatation fast 1.300 mm/sec
Velocity of dilatation slow 0.390 mm/sec
Steepness of plateau 0.010 mm/sec
Begin of  plateau 0.004 sec
End of plateau 0.284 sec
Begin velocity of constriction 0.332 sec
End velocity of constriction 0.444 sec
Begin V-Dil fast 0.896 sec
End V-Dil fast 0.992 sec
Begin V-Dil slow 1.392 sec
End V-Dil slow 1.696 sec
Time of minimum 0.668 sec
Quality rating OK
Stimulus-brightness high  200
Stimulus-begin 0.000 sec
Stimulus-end 0.300 sec
Date 18.09.01
Time 11:28:32
Measuring mode PLR
CIP Version CIP10.04
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Articlesec versus 0.25±0.03 sec (p<0.05). The overall
group  of  patients  with  diabetes  mellitus
demonstrated similar values as the subgroup,
but the differences to the normal group values
did not reach significance. 
When  normalized  to  the  decreased  initial
pupil diameter as a sign of the different initial
conditions of the pupil compared to the normal
pupil, the relative reflex amplitude as the per-
centual amplitude of the initial pupil diameter
did  not  show  significant  differences  in  any
group:  31.2±8.59%  (all  patients)  versus
30.6±9.09%  (patients  with  DNP)  versus
29.1±7.64% (control group). From this fact it is
obvious that in patients with DM any pupil of a
given diameter shows in many respects similar
dynamics to a normal pupil. For the complete
DM group, this is reflected in the values of the
relative  dynamics:  contraction  velocity  (%):
83.6±27.8  in  the  diabetes  group  versus
84.2±21.4 in the control group; velocity of dila-
tion 1 (%): 24.2±6.33 in the patient group ver-
sus 24.3±5.13 in the control group; velocity of
dilation 2 (%): 9.8±4.25 in the patient group
versus 9.91±3.71 in the control group. For the
DNP group, however, the relative contraction
velocity  was  significantly  decreased:  76.5%
versus 85.4 % as well as the relative dilation
velocity 1. We found a highly significant corre-
lation between the amplitude of the pPLR and
the initial pupil diameter (r = 0.50, p<0.001).
Also, we found significantly positive correla-
tions between the single velocity parameters
checked and also between the velocity parame-
ters and the initial pupil diameter (r = 0.5,
p<0.01).  These correlations were found with-
in all groups. The latency did not show a very
significant correlation with the initial pupil
diameter or the velocities (p<0.04), neither
in the diabetes group nor in the control group.
The initial pupil diameter showed an inverse
correlation with age (p<0.001). 
After a short break, the dynamic pupillary
reflex was recorded for the frequencies 0.1,
0.3, 0.7 and 1.3 Hz. (Tables 2 and 3). 
In the DNP patients’ group, who showed at
least  two  clinical  signs  of  neuropathy,  the
pupil  gain  was  highly  significantly  dimin-
ished,  especially  for  lower  frequencies,
whereas in the overall group only for lower
frequencies were some differences found.
The pupil phase of the patients varied with
respect to the control group. For the lower fre-
quencies  of  0.1  and  0.3  Hz  in  the  DNP
patients we found a highly significant phase
lead. This showed up only as a tendency with-
in the group of all patients. For higher fre-
quencies of 0.7 and 1.3 Hz we found a signif-
icant  phase  lag,  especially  in  the  DNP
patients.  Our  comparison  of  the  frequency
distribution over time using short time fouri-
er  transformation  analysis  (STFT)  showed
the abnormal decrease in low frequency vari-
ability in DM patients’ phasic pupillary reflex
as seen in Figure 3 and the increase in high-
er frequency content, probably due to greater
stiffness of the iris muscle for both biome-
chanical and neural control reasons. 
The time-frequency spectrum could be plot-
ted in a variety of formats. The most useful
options for these spectra were the dB formats
for visualization. We have used contour plots
of normalized decibels: Re is the real compo-
nent of the continuous wave transformation
at a given time and frequency, Im is the imag-
inary component, n is the data set size: dB.
decibels. 10.0*log10(Re*Re+Im*Im), normal-
ized to 0 for time-frequency node with maxi-
Article
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Table 1. Comparison of all relevant phasic pupil dynamic parameters of the 3 groups.  
Parameter All Patients Control Group Patients with DNP 
(n=52) (n=21) (n=23)
PD initial (mm) A* 4.85±0.96** 5.38±0.87 4.63±0.69*** 
Amplitude contr. (mm) 1.49±0.41 1.53±0.34 1.26±0.45*
Rel. Amplitude con.(%) 31.0±8.59 29.1±7.64 30.6±9.02
Vmax contr. (mm/s) 4.16±1.22 4.42±0.93 3.44±1.28*** 
Rel. Vmax contr. (in %) 85.4±21.9 84.2±24.4 76.5±21.2**
Vmax dil 1 (mm/s) 1.12±0.26 1.18±0.28 0.99±0.26*
Rel. Vmax dil 1 (in %) 23.3±5.52 22.3±5.13 21.2±6.33*
Vmax dil 2 (mm/sec) 0.55±0.49 0.52±0.19 0.42±0.21*
Rel. Vmax dil 2  (in %) 9.98±4.38 9.91±3.71 9.80±4.25
t min (sec) 0.83±0.09 0.81±0.07 0.84±0.09
Latency (sec) 0.27±0.09  0.25±0.03 0.28±0.04*
Reaction Time (sec) 0.57±0.11 0.58±0.23 0.57±0.11
*p<0.01; **p<0.001; ***p<0.0001 significant difference to control group.±standard deviation. A*:age dependent normal pupil diameter; relrelative.
Table 2. Dynamic pupil gain.
Group Control Group Patients with DNP All Patients
Frequency Hz N = 21 N = 23 N = 52
0.1 0.186 [0.07] 0.158 [0.06]*** 0.156 [0.08]**
0.3 0.156 [0.04] 0.134 [0.05]*** 0.145 [0.06]*
0.7 0.121 [0.04] 0.109 [0.05]** 0.118 [0.06]n.s.
1.3 0.068 [0.02] 0.051 [0.03]** 0.065 [0.07]n.s.
*p<0.01; **p<0.001; ***p<0.0001 significant difference to control group.±standard deviation = [ ]; n.s. no significant difference to control group.
Figure 2. Pupil size as function of age in normal subjects and DM patients. Note the small-
er size in DM patients in spite of large variance. Continuous line: linear fit to normal results;
dashed line: linear fit to data of DM patients. The fraction of meiosis with the initial pupil
diameter that was due to the age of the patient would be accounted for by the addition of
0.04 mm per year to the recorded initial pupil diameter. This reflects the average decrease of
pupil diameter per year of life; so we used an age corrected initial pupil diameter (ACPD).
It is important to note that because of the age factor leading to smaller pupils over 60 years
of age the discrimination between diabetics and normal subjects by pupil size becomes less
evident, but is still significant with p<0.02.
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Spectrum  there  are  24  contour  types;  this
means that a different color will be used for
each  1dB  delta  in  the  spectrum,  with  light
cyan at the low end and dark red at the high
end. 
Summary of results
All DM patients showed the following group
differences compared to healthy subjects: 
• pupil diameter highly significantly small-
er in DM patients 
• cPLR gain for low frequencies lower only
in  DNP  patients,  but  not  so  in  all  DM
patients
• cPLR  phase  lag,  for  low  phase  lead  for
high frequency in all DM patients
DM patients with neuropathy [DNP] showed
additional differences:
• pPLR  Vmax  contraction  significantly
smaller in DNP
• pPLR  contraction  amplitude  smaller  in
DNP
• pPLR Vmax dilation 1 smaller in DNP
• pPLR  larger  amount  of  high  frequency
content  during  contraction  (short  time
FFT) in DNP
• cPLR for low frequencies phase lag, for
high frequencies phase lead in DNP
• cPLR gain for low frequencies phase lag,
for high frequencies phase lead in DNP
Table 4 summarizes the significancy of all
recorded  variables  that  discriminate  DM
patients from the normal group; three out of
seven parameters (pupil diameter, gain and
phase)  distinguish  all  DM  patients  from
healthy subjects. Therefore, the cPLR appears
to be very important for this differentiation.
DNP patients with an additional two signs
of neuropathy are discriminated from the rest
with very high significancy through all seven
parameters. This means that the application
of both the cPLR and the pPLR is the favorable
combined measurement to distinguish espe-
cially the DM patients with vegetative neu-
ropathy.
The  following  case  exemplifies  our  main
findings (Figure 4B) and demonstrates a typ-
ical location of mesoencephalic and pontine
lacunes (Figure 4A) due to a diabetic micro-
angiopathy. This is not very frequently found
as  Keane  and  others  have  stated  before;
11
however, if present,
10,12 it is a sign of a high
level  pupillary  control  deficit  as  opposed  to
the more peripheral factors (see Discussion).
Discussion
One expected result of our study was the
decreased  initial  pupil  size  in  the  diabetes
group,  in  particular  in  those  patients  with
additional  signs  of  autonomic  neuropathy.
This is in agreement with other studies which
have analyzed the phasic pupillary light reflex
in  diabetic  patients.
13-15 To  what  extent  did
dynamic  parameters  of  the  pPLR  depend  on
this decreased initial pupil size?
The pPLR amplitude, as well as the veloci-
ties of contraction and dilation 1 and 2, were
decreased in our study in the overall group of
patients,  and  in  particular  in  the  subgroup
which included at least two signs of autonom-
ic neuropathy. However, this difference could
not be found in patients with no signs of auto-
nomic neuropathy after normalizing these val-
ues with respect to the initial relative pupil
size.  We  conclude  that  only  high  resolution
short time FFT may permit a better insight into
the changes in individual pupil dynamics due
to DM (Figure 3), whereas the time functions
permit this only in DM patients with neuropa-
thy. In this respect, we were not able to confirm
exactly the values of contraction and velocities
that have been reported by Straub et al.
16 This
was probably due to the fact that Straub et al.
measured their contraction velocity during one
second and not at the peak of the contraction
velocity. 
Latencies, gain and phase
Niakan et al.,
17 Pfeiffer et al.
11 and Lanting et
al.
18,19 reported that the latencies of the pPLR in
patients with diabetes mellitus were signifi-
cantly  increased;  they  concluded  that  the
increased latencies were an early sign of neu-
ropathy. In our study, similar to the studies by
Hreidarrson  et  al.
14 and  Gliem  et  al.,
9 we
demonstrated  that  pPLR  latencies  were
Article
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Table 4. Summary of   the significancy of  all  recorded variables that discriminate DM
patients from the normal group;  out of seven parameters three, pupil diameter, gain and
phase,  distinguish all DM patients from  healthy  subjects. Therefore, the cPLR appears
to be very important for this differentiation.  Npst.: in column “frequency content”, we
analyzed the total frequency content of three  pPLR each for the same time span of 400
msec. Then we had to use a non-parametric statistical test (the Mann-Whitney rank sum
test) for comparison of 5 normal with 5 DNP patients´ results.
Pupil Vmax Vmax  Amplitude Frequency Gain Phase
Diameter Contract Dilation1 Contract Content 
DNP 0.0001 0.0001 0.01 0.01 0.01  0.0001 low  F 0.0001
N=21 npst. 0.01 high F
All DM 0.001 n.s. n.s. n.s. n.s. 0.01 low F  0.01 
N = 52 n.s. high F 0.001 
Figure 3. pPLR single response from the left eye of a diabetic patient with signs of DNP (left)
compared to a normal subject (right), using short time fourier transformation (STFT)  as
function of time plot. A significantly larger amount of high frequency content during both
pPLR phases, contraction and dilation, is shown.
Table 3. Dynamic pupil phase (°).
Group Control Group Patients with DNP All Patients
Frequency Hz N = 21 N = 23 N = 52
0.1 - 3.10 [13.75] 54.1 [14.2]*** 7.6 [17.19]*
0.3 30.4 [14.38] 71.3 [13.6]*** 35.8 [13.3]n.s.
0.7 108.3 [15.34] 98.3 [14.6]* * 104.7 [17.61]n.s.
1.3 208.2 [17.14] 141.4 [18.6]*** 178.7 [19.02]**
*p<0.01; **p<0.001; ***p<0.0001 significant difference to control group.±standard deviation= [ ]; n.s. no significant difference to control
group.increased  by  20  msec;  these  values  reached
significancy (p<0.01) in the DNP group, i.e.
44% of all DM patients. 
Anything affecting the visual pathway may
result  in  changes  in  pupillary  latency.  In  a
group  of  DM  patients  reported  by  Lanting 
et al.
4,18-20 the visual evoked potential latencies
were in the majority of patients within a nor-
mal range. Lanting et al. concluded that in DM
patients the increased pPLR latencies primari-
ly reflect an efferent pupillary defect and pro-
longation of the pPLR latency would be largely
caused by autonomic dysfunction.
In the normal pupil, the range of light levels
that reach the retina at different frequencies
reduce the phase lag and the equivalent laten-
cy of the according pupil responses. This laten-
cy is independent of target distance and pupil
size.
9,21 When pupillary responses are classified
by the size of the response, rather than by the
size of the stimulus, the latencies of the larger
responses  to  light  stimuli  are  shorter  than
those  of  the  smaller  responses  (Figure  5).
Exceptions  occur,  when  initial  pupil  size  is
small, which restrict the size of the response.
9
From the “pupil size effect” we know that a sig-
nal dependent on the static pupil size regulates
the gains of the parallel phasic and tonic path-
ways, the former being responsive to transient
changes of light. The presumptive locus of this
mechanism or regulator function likely resides
near the Westphal Edinger (WE) nucleus.
9,11
The  pupil  gain  was  highly  significantly
diminished, mainly for lower frequencies, in
the DNP patient group who showed at least two
clinical signs of neuropathy, but not so in the
overall patient group. This is probably a sign of
the decreased dynamic flexibility of the pupil
in diabetic patients with neuropathy due not
only  to  the  less  flexible,  diminished  neural
input but also due to the changes in structural
anatomical  muscle  dynamics  known  to  take
place  in  diabetic  patients  after  some  time,
especially when there is also a neuropathy.
11,12,15
The pupil phase of the patients varied with
respect to the control group. For the lower fre-
quencies of 0.1 and 0.3 Hz in the DNP patients,
we found a highly significant phase lead that
was only a tendency within the group of all
patients. For higher frequencies of 0.7 and 1.3
Hz, however, we found a significant phase lag,
especially in the DNP patients as compared to
normal subjects. 
The phase lead for lower frequencies could
be due to long-term adaptation to the neuropa-
thy and might be generated by cerebellar
14 con-
trol of the pupil. Similarly, the phase lag for
higher frequencies might be due to different
cerebellar modulation of the midbrain dynam-
ic pupil reflex that may show a different con-
trol characteristic of the midbrain centers, ncl.
Westphal Edinger [WE] by the cerebellum,
22 or
by the olivary pretectal nucleus.
4,23
Our comparison of the frequency distribu-
tion over time using short time fourier trans-
formation analysis (STFT) showed the abnor-
mal  decrease  of  low  frequency  variability  in
DM patients’ phasic pupillary reflex and a sig-
nificantly  larger  amount  of  high  frequency
content during both pPLR phases, contraction
and dilation, probably due to greater stiffness
of the iris muscle for both biomechanical and
neural control reasons. This might be an anal-
ogy to the abnormal cardiac frequency-stability
in these patients that is due to a lack of flexi-
bility of the central autonomic innervation.
Specifics of pupil innervation
The innervation of the pupil is dominated by
the parasympathetic innervation as compared
to the sympathetic innervation. The relatively
weak muscle which is embedded in the iris
stroma  represents  the  pupillary  dilator.
Therefore, the PLR is dominated by the sphinc-
ter  muscle,  which  receives  predominantly
parasympathetic  input.  However,  the  central
sympathetic inhibition of the neural activity at
the level of the WE nucleus might also play a
major role in the control of the pupil response.
The hypothesis that the sympathetic inner-
vation may be the main factor of change in dia-
betic  neuropathy  and  the  change  in  PLR
appears  to  be  at  least  problematic.
4,6,11,23
However,  pharmacological  studies  have
Article
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Figure 5. Phase lag and equivalent latency of pupil responses to sinusoidal light stimuli are
reduced by increased mean light level. Left: phase lag data. Middle: corresponding equiva-
lent latencies computed from phase lag by subtracting the minimum phase component then
dividing by angular frequency in °/sec; subj. JCA. Right: latency of pPLR as  function of
response size.  Note that in the light-pupil responses the response size increases with increas-
ing stimulus size. Results are for subject GM, 20 responses per class. (Modified from Myers
et al.
21
Figure 4. Single case example of a 59-year old male diabetic patient with autonomous
polyneuropathy, who had suffered from a left dorso-paramedian ponto-mesencephalic lacu-
nar stroke. (A) cMRT.  (B) Values of his most important pupil recording parameters.
A
Pupil Vmax Vmax Amplitude Gain Phase (°)
Diameter Contract Dilation1  Contract
Pat. 4288-05 4.25 mm 3.29 mm/s 0.91 mm/s 1.17 mm 0.148 low F 84.1
0.104 high F 149.4
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)demonstrated  that,  especially  in  diabetes
patients, there is a hypersensitivity to direct
sympathicomimetics, which is probably due to
earlier denervation of sympathetic fibers.
24,25Of
course,  these  pharmacological  studies  are
problematic as it is very difficult to quantify
the influence of different permeabilities of the
corneas. 
Another factor may be, as Fujii et al.
25 have
demonstrated,  that  morphological  changes
occur  more  frequently  in  patients  with  dia-
betes mellitus at the musculus dilatator pupil-
lae than in the musculus sphincter pupillae.
10
However,  the  studies  by  Hreidarsson  et  al.
12
and Barron et al.
3 have shown that a reduced
elasticity of the pupil may not be the main fac-
tor for the above results. In general, the direct
influence of the sympathetic innervation of the
pupil  in  the  diabetic  autonomic  neuropathy
has been demonstrated very well in many stud-
ies  of  the  cardiovascular  systems.
3,18,26-29
Although it is interesting to look at the two dif-
ferent  parts  of  the  velocities  of  the  dilation
phase of the pPLR, it has to be noted that these
values show a large standard deviation both in
our group of diabetic patients and in the con-
trol group. Therefore, an exact differentiation
of  the  parasympathetic  and  the  sympathetic
deficits in cases of diabetic neuropathy using
these two parameters is quite difficult and, for
the  above  noted  reasons,  often  question-
able.
8,11,15,23 The  firing  rate  of  the  pupillocon-
strictor neurones in the WE nucleus is high in
the absence of external influences
28 and pupil
size may be small. A decrease in central inhibi-
tion with age is regarded to be the mechanism
behind the well known age-related decrease in
pupil size, especially in darkness.
11,30 Here, the
inhibitory inputs to the WE nucleus (e.g. from
the olivary pretectal nucleus
23) are presumed
to become less effective with age. The question
arises as to which factor might probably con-
tribute  most  to  our  main  finding,  the
decreased initial pupil size after dark adapta-
tion in the diabetes group. Is it the peripheral
change of the iris muscle plus the effect of the
vegetative neuropathy? Or is it the centrally
increased  sympathetic  inhibition  of  the  WE
nucleus  innervation  due  to  microvascular
brain stem deficits in DM? This would be at
least as likely as the former hypothesis since
in  DM  patients  microinfarcts  which  include
the  ponto-mesencephalic  region  of  the  3rd
nucleus and the WE nucleus
31 occur relatively
often, as shown in our case example (Figure
4). In conclusion, our study has demonstrated
that a significantly decreased pupil diameter is
an  early  sign  of  autonomic  neuropathy.
Additional deficits of the PLR are often to be
found in cases where other symptoms of auto-
nomic  neuropathies  occur.  As  far  as  these
changes  reflect  changes  in  pupil  dynamics
they are related to the initial pupillary diame-
ter. From our results, we conclude that in those
DM patients a vegetative neuropathy is pres-
ent where the pPLR shows deficits of maxi-
mum contraction and dilation 1 velocity, where
the change of the course of frequency content
in the FFT and where cPLR gain and phase
changes  are  present.  However,  it  has  to  be
accompanied by other signs of autonomic neu-
ropathy in order to evaluate the final diagnosis
and describe the course of autonomic neuropa-
thy. Only together with continuously modulat-
ed light stimulation of the pupil as shown by
Hultborn et al.
22 and Myers et al.
21 can the early
diagnosis  of  autonomic  neuropathy  be  con-
firmed. Probably, both the sympathetic and the
parasympathetic nervous system are affected
by diabetic autonomic neuropathy, which like-
ly also includes central, ponto-mesencephalic
changes, although the pPLR differentiates in
general between DM patients and healthy sub-
jects; only the recording of cPLR, together with
the  STFT  of  the  pPLR,  allows  significant
deficits  of  pupillary  control  to  be  identified
more clearly in single cases. The fact that the
combination of pPLR and cPLR measurements
which reflect afferent and efferent deficits that
may occur in DM patients so efficiently differ-
entiates  between  pathological  and  healthy
cases appears to be an advantage for the differ-
entiation of single cases of diabetes mellitus.
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